ABSTRACT: Spatial and temporal variability of Light attenuation within Florida Bay, USA was examined at 17 stations over a 1 yr period, with emphasis on the relative roles of algal and non-algal factors in the absorption of light in the water column. Four distinct regions in the bay were identified based on differences in the relationships between light extinction coefficients (K,), non-algal suspended solids (tripton), chlorophyll (chl) a, and color. Ranges of mean values for these key variables, at individual stations within the bay, were 0.66 to 2.82 m-' for K,, 8.1 to 30 g m-3 for tripton, 0.4 to 18.4 mg m-3 for chl a and 1.4 to 15 pt units for color. These results are discussed in relation to light availability for planktonic and benthic primary production in different regions of the bay and seasons of the year. The results indicate a significant potential for light limitat~on of seayrass colonization in certain regions of the bay due to light attenuation in the water column caused by high levels of tripton and/or phytoplankton.
INTRODUCTION
One of the major challenges to modelling the structure and function of primary production in aquatic ecosystems is defining the nature of light availability for photosynthesis (Bannister 1974 , Platt & Jassby 1976 , Wolfsy 1983 , Kirk 1994 . The task of describing light availability in large estuarine and lagoonal systems is complicated by spatial and temporal variability in the biogeochemical factors that contribute to light attenuation. In many estuaries non-algal suspended solids (tripton) from tidal mixing, river inflows and wave-induced sediment resuspension are major factors in light attenuation, and may cause light limitation of phytoplankton production and biomass (Malone 1977 , Cadee & Hegeman 1979 , Joint & Pomroy 1981 , Oertal & Dunstan 1981 , Colijn 1982 , Harding et al. 1986 , Pennock & Sharp 1986 , Cloern 1987 . In some estuarine environments inflows of organically stained river water cause significant color-dependent absorption of light (Kirk 1980 , Granberg & Harjula 1982 , Arvola 1984 , McPherson & Miller 1987 , Beaver & Crisman 1991 , as well as alteration of the spectral composition of downwelling irradiance. The relative roles of different water column components in light attenuation can vary seasonally according to changes in wind energy and rainfall runoff (Kirk 1980 , 1994 , Vant 1990 ). The increasing rate of human development in watersheds of many major estuaries has added another dimension to the issue of changing light environments by altering the patterns of riverine inflow, sediment load, dissolved organic load and the trophic status of surface waters (Sorensen 1993) .
The aquatic environment of Florida Bay (USA), located south of the Florida Everglades and west of the Florida Keys, is characterized by broad regional and temporal differences in water clarity. The generally shallow depth of the water column (0 to 4 m) presents the potential for frequent resuspension of both algae and tripton. Regional differences in the properties of light attenuation in Florida Bay reflect the existence of ecologically disparate basins within the 1500 km2 area of the bay. These basins are structurally defined by a network of islands and shallow (i.e. <0.5 m) mudbanks that partially restrict water exchange between basins ( Fig. 1) and impede tidal et al. 1993 ). These changes have presumably stimulated phytoplankton biomass by increasing nutrient concentrations and water turnover times. In contrast, other regions of Florida Bay are typified by relatively clear water conditions and low phytoplankton concentrations (Phlips & Badylak 1995) . Reductions in freshwater inflow have affected the isolated northeastern basin of the bay by reducing nutrient availability and enhancing the degree of phosphorus limitation for both planktonic and benthic primary production (Powell et al. 1989 , Fourqurean et al. 1993 .
Blooms of planktonic algae in Florida Bay have been implicated in the observed die-off of ecologically important seagrasspopulations (Robblee et al. 1991 , Boesch et al. 1993 . One factor which may be contributing to this die-off is the reduction in light availability for seagrasses caused by increased attenuation of light by high phytoplankton standing crops. Phytoplankton concentrations in the bay are subject to significant spatial and temporal variations (Phlips & Badylak 1995) . In one study chlorophyll a (chl a ) concentrations in north-central regions of the bay were observed to average near 20 mg m-3, water exchange with adjacent waters of the Gulf of Mexico and Florida Straits. The basins also have different sediment types, depths of sediment layers and benthic vegetation (Wanless 1989 , Zieman et al. 1989 , Fourqurean et al. 1992 ), all of which influence the nature and amount of suspended solids in the water column.
Some regions of Florida Bay exhibit high levels of algal and/or non-algal suspended solids resulting in low light penetrance (e.g. ~0 . 5 m Secchi depths) (Phlips & Badylak 1995) . The high chlorophyll levels observed in the north-and south-central regions of the bay have been attributed by some researchers (LaPointe & Clark 1992) to anthropogenic changes occurring in South Florida related to urban and agricultural development. Among the most prominent of these changes have been the reduction of freshwater inflow to the bay via the Everglades and general eutrophication of surface waters entering certain regions of the bay via point and non-point source inflows (LaPointe & Clark 1992, with individual values exceeding 40 mg m-3, while concentrations in the northeastern regions averaged below 2 mg m-3 (Phlips & Badylak 1995) . The former concentrations of chlorophyll indicate a potentially significant role for phytoplankton in light attenuation for certain regions of the bay. This paper describes spatial and temporal variability of light attenuation within Florida Bay and examines the relative roles of algal and non-algal factors in the absorption of light by the water column. These results are discussed in relationship to light availability for planktonic and benthic primary producers in different regions of the bay, and the potential for light limitation of phytoplankton and benthic plant standing crops.
METHODS
Study sites. Florida Bay is a 1500 km2 inner-shelf lagoon located in the tropical environment off the September 1994. Water was collected using an integrated water column sampling tube, from surface to 0.1 m from the bottom.
Analytical methods. Chl a (corrected for pheophytin) concentrations were determined using the acetone extraction and spectrophotometric protocols described in Standard Methods (APHA 1989) . Color in the water was determined from filtered (0.3 pm) water using protocols described in Standard Methods (APHA 1989) . Total suspended solids concentrations were determined using the methods described in Standard Methods (APHA 1989) . Tripton was estimated by assuming a 1:100 ratio between chl a concentration and the dry southern tip of the Flonda pen~nsula (Fig. 1A) . The bay is generally shallow w~t h depths of less than 4 m throughout ( Fig. 2A Incident irradiance, I, and vertical light extinction coefficient, K, (m-'), were determined with Li-cor Instruments Inc. (Lincoln, NE, USA) submersible quantum light probes (cosine corrected) simultaneously recording surface, upwelling and downwelling light (~.lmol photons m-' S-' of photosynthetically active radiation, PAR) with a data logger. Partial extinction coefficients caused by components of light attenuation were estimated using conversion factors from the literature. Light attenuation by chl-a-containing phytoplankton, K,, was estimated by multiplying chl a concentrations by 0.058 mZ mg-' (McPherson & Miller 1987) . While a wide range of conversion factors is available in the literature, the latter value was used because it was based on data from an estuary within the same region of South Florida. Light attenuation by color, K,,, was estimated by multiplying pt color units by 0.014 pt-' m-' (McPherson & Miller 1987) . Light attenuation by seawater, K,", was set at 0.0384 m-' (Lorenzen 1972) . Light attenuation attributable to tripton, K,, was calculated as K, -(K, + K,, + K,). Mean light availability (d-') in the mixed layer, I,,,, was estimated using the formula
where Z, is the depth of the mixed layer (m), and I, is the mean daily surface PAR irradiance (Stefan et al. 1976) . Florida Bay was assumed to be generally polymictic, hence Z, was set equal to station depth. Data analysis. Statistical analysis was performed using the SAS statistical program for personal computers (SAS 1989) . Relationships between K, and other parameters were determined using Pearson correlation analyses.
RESULTS

Spatial variation in light attenuation
Mean light extinction coefficients, K,, for the sampling period ranged from 0.66 m-' at Stn 12 to 2.82 m-' at Stn 4 over the study period (Fig. 2B) . Geographically the lowest light penetration was generally observed in the north-central and western regions of the hay. Greatest mean light penetration was found in the eastern and south-central regions of the bay.
Spatial variation in tripton, chl a, and color
Tripton concentrations were highest on the western side of the bay and lowest in the eastern regions (Fig. 3B ). The estimated percentage contribution of tripton, K,, to total light attenuation, K,, was highest in the eastern regions of the bay and lowest in the north-central region (Table 1) .
The highest mean chl a concentrat~o n s for the study period were observed in the north-central region of the bay, while the lowest mean concentrations were found in the eastern side of the bay (Fig. 3A) . The estimated contribution of phytoplankton, K,, to K, followed the same spatial pattern as chlorophyll concentration (Table 1) .
Color ranged from mean values less than 10 at Stns 7 to 17, to means of 10 to 15 at Stns 1 to 6 (Fig 3C) . The estimated contribution of color, K,,, to K, was highest in the north-central region and lowest in the eastern regions of the bay (Table 1) . Standard deviation in parentheses Correlation between K,, tripton, chl a, and color Temporal variation in K, and chl a concentrations
The major variables related to light attenuation included in this study were chl a (an estimator of living phytoplankton in the water column), tripton (non-algal suspended solids), and color. For the pooled data set of all samples K, was most strongly correlated to tripton, followed by chl a (Table 2) .
K, was not significantly correlated to color for the overall data set, which was not surprising considering the generally low color values observed in the bay.
There were regional differences in the relative correlation of K, to tripton, chl a and color (Table 2 ).
These regional differences can be split into 4 distinct geographical areas (Fig. 4 ) Regional differences were observed in temporal variation of K, and chl a concentrations over the study period (Fig. 5 ) . In the north-central region, both K, and chl a showed considerable variability, but remained high throughout most of the year compared to other regions (Fig. 5A ). In the southcentral region, peak K, and chl a concentrations occurred in fall ( chl a and color the bay both K, and chl a showed multiple peaks in fall, spring and summer (Fig. 5C ). In the eastern region K, and chl a concentrations were generally lower than in other regions of the bay (Fig. 5D ). K, values were generally highest in spring, while chl a concentrations were highest in summer in the latter region.
Estimates of pelagic and benthic light availability
Mean daily light availability in the mixed layer, I,,,, was generally lowest in the northwestern region of the bay and highest in the eastern region ( Table 3) . Another measure of light availability in the water column determined in this study was the ratio between photic depth, G, and mixing depth, Z,. This ratio followed the same general spatial and temporal pattern as I, ( Table 3) . Benthic light availability, presented as percentage of surface irradiance, was lowest in the western and north-central regions of the bay and highest in the eastern and south-central regions (Table 4) . l -A. North-Central -. . The properties and extent of light attenuation in Florida Bay vary between the water basins which comprise the 1500 km2 of this estuary. As in many shallow polymictic aquatic ecosystems, light extinction in Florida Bay is impacted by resuspension of bottom sediments. This impact is reflected in the correlations observed between K, and tripton (Table 2) , as well as the high relative contribution of tripton to total light attenuation (Table 1 ). There are, however, noteworthy regional (Figure 4 ) disparities in the relative roles of tripton, color and phytoplankton in light attenuation.
In the north-central region of Florida Bay, high concentrations of chl a indicate a major role for phytoplankton in light attenuation. This is corroborated by the strong correlations between K, and chl a in this region of the bay (Table 2) .' ' . 1993 1993 1993 1993 1993 1994 1994 1994 1994 1994 1994 1994 1994 One of the major features shared by this region of Florida Bay and the latter ecosystems is low turnover rates of water. However, the high biovolumes (up to 21 pm3 ml-l) of the cyanobacterial picoplankter Synechococcus sp. observed in this region through the entire year of sampling (Phlips & Badylak 1995) contrast with the latter ecosystems, which are more commonly characterized by an annual succession of dinoflagellate, diatom and cyanobacteria dominated populations and in some cases benthic macroalgae (Hodgkin & Birch 1986 ). This may in part be due to the hypersaline conditions which have become a common feature of this region (Boesch et al. 1993) , and may favor this euryhaline cyanobacterium (Phlips et al. 1989 , Phlips & Badylak 1995 . Despite the high phytoplankton concentrations observed in the north-central region of Florida Bay, tripton remains the major component of light attenuation because of the shallow polymictic water column and flocculent muddy sediments. Color also contributes substantially to light attenuation, although not nearly to the extent observed in estuaries subject to major inflows from organically stained rivers (&rk 1980, Grandberg & attributable to water inflows from tidal creeks in the Everglades and from decomposition of senescent seagrasses. The die-off and decomposition of seagrasses provides additional internal sources of nutrients for the further proliferation of phytoplankton blooms (Boesch et al. 1993 , Armentano et al. 1994 ). The south-central region of Florida Bay is characterized by a series of water basins with predominantly low water column chl a and tripton concentrations and low K,. This pattern is periodically interrupted by elevated chl a and K, values (Fig. 5B) , forming the basis for significant relationships between K, and chl a ( Table 2 ). The firm sediments and regionally abundant seagrass communities in these basins result in comparatively low tripton levels, as manifested by the poor correlation between K, and tripton. The role of seagrass communities in reducing sedim.ent resuspension has been reported for other estuarine ecosystems (Ward et al. 1984) . The south-central water basins of Florida Bay are also partially isolated from the influence of tidal mixing due to the presence of surrounding islands and shoals (Fig. l ) , that further contribute to lowered tripton levels. The periodic appearance of algal blooms in these regions may be a consequence of episodic influxes of water from the north-central region of the bay caused by wind and tidally driven southward flow of water, particularly during periods of freshwater inflow from Taylor Slough in the Everglades (Fig. 1) . (Table 2 ). It is probable that tidal inflows from the Gulf of Mexico play a major role in exogenous inputs of algae, nutrients and suspended solids to this region of the bay. Recent studies of phytoplankton in western Florida Bay reveal considerable temporal variability of community structure distinct from that observed in other regions of the bay (Phlips & Badylak 1995) , reflecting the influence of tidal water exchange with the Gulf of Mexico. In addition, tidal energy is a potentially major factor in vertical mixing of the water column and sediment resuspension. Tidally induced mixing has been shown to directly influence the dynamics of phytoplankton populations in estuarine environments by enhancing the potential for light limitation of photosynthesis (Cloern 1987) . Cloern (1987) demonstrated that phytoplankton standing crop is inversely proportional to tidal mixing in the south San Francisco Bay estuary because of increased vertical stratification of the water column at low eddy diffusivity. The fact that Florida Bay is considerably shallower than south San Francisco Bay indicates that vertical stratification is unlikely to be a major consideration in light limitation in the former system. In the eastern region of Florida Bay, low concentrations of both algal (i.e. < 2 mg m-3 chl a concentrations) and non-algal suspended solids (tripton), as well as negligible water color, result in only weak correlations between K, values and the former 2 variables ( Table 2) . Light attenuation can be influenced by wind resuspension of the sand and calcium carbonate sediments characteristic of this region of the bay. This yields higher K, values during the wintedspring windy season (Fig. 5D ). During periods of high winds the water column in these areas can take on a milky-white appearance due to resuspended tripton.
Light availability for phytoplankton production Regional differences in the nature and extent of light attenuation potentially affect light availability for both planktonic and benthic primary production. Despite the generally shallow and polymictic character of Florida Bay, the potential for light limitation of phytoplankton production cannot be ruled out, particularly in regions of the bay subject to high tripton levels. Recent studies of several major estuaries have identified tripton loading from rivers and/or sediment resuspension as the cause of light limitation for phytoplankton production.
These include the Bristol Channel, UK (Joint & Pomroy 1981) , Delaware Bay, USA (Pennock & Sharp 1986) , Ems-Dollard, The Netherlands (Colijn 1983), Hudson River, USA (Malone 1977) , San Francisco Bay, USA (Cloern 1987), upper Chesapeake Bay, USA (Harding et al. 1986 ) and Wadden Sea, The Netherlands (Cadee & Hegeman 1979) estuaries. In a comparative study of light limitation in these estuaries, Cloern (1987) showed that net water column production decreases rapidly when Zp:Z, (i.e. the ratio of photic depth and mixing depth) drops below 1.5, and 'it approaches zero as Z,,:Z, approaches a critical ratio between 0.1 and 0.5 (depending on respiration)'. Zp:Z, values less than 1.5 were observed at several sampling sites in Florida Bay (Table 3) , particularly in the north-central and northwestern regions of the bay (Fig. 4) , but seldom reached the 'critical range' of 0.1 to 0.5, except at Stn 11, a relatively deep (ca 3 m) and tripton-rich sampling site.
Researchers in shallow polymictic lake ecosystems have used another measure of light availability, mean irradiance in the mixed layer, I,, to establish light limitation of phytoplankton production and standing crops (Walmsley 1978 , Ganf 1980 , Oliver 1981 , Geddes 1984 , Limon et al. 1989 , Phlips et al. 1993 , 1995a ). Estimates of the threshold level of daily I,,, for the onset of light limitation range froin 2 to 5 m01 photons m-* d-' (Oliver 1981 , Geddes 1984 , Phlips et al. 1995b . As in the case of estuarine systems, tripton plays a major role in producing light-limiting conditions for phytoplankton production in lakes, as highlighted in studies of shallow polymictic Lake Chapala, Mexico (Limon et al. 1989) and Lake Okeechobee, Florida (Phlips et al. 1995a, b ) . I,,, values observed at certain sampling sites in Florida Bay periodically fell within, or near, this threshold range (Table 3) , particularly in the western region characterized by high tripton concentrations. I, values were typically lower during the windy season, late fall to early spring, as expected from the enhanced wave-induced resuspension of sediments.
The spatial and temporal patterns of both I, and Zp:Z,,, values in Florida Bay indicate the greatest potential for light limitation of phytoplankton production in the deeper areas of the western region of the bay, during the windy season. It is clear that the uniformly shallow depth of Florida Bay diminishes the overall potential magnitude of light limitation, despite the presence of high tripton concentrations in many regions of the bay.
Light availability for benthic primary production
In terms of benthic primary production, recent observations of extensive die-offs of seagrasses in Florida Bay have led to a number of alternative hypotheses concerning the causal factors involved (Robblee et al. 1991 , Boesch et al. 1993 , including the possible role of light limitation. The importance of light availability in controlling the maximum depth of seagrass colonization in other aquatic ecosystems is well established (Dennison 1987 , Dawes & Tomasko 1988 , Dual-te 1991 . Several different model relationships between light attenuation and depth maxima for seagrass colonization, D,, have been presented in the literature (Vincente & Rivera 1982 , Dennison 1987 , Nielsen et al. 1989 , Duarte 1991 , ranging from D, = 1.36/K1 (Vincente & Rivera 1982) to D, = 1.86/Kl (Duarte 1991) . Based on the regression relationships developed by Duarte (1991) light extinction coefficients in a number of regions within Florida Bay showed values high enough to theoretically preclude successful colonization by seagrasses (Table 5) . At sampling sites in the northwestern region of the bay (Stns 5 & 11) station depth fell below the colonization depth, D,, during all sampling dates, indicating a clear potential for light limitation of seagrass biomass. These 2 sampling sites are characterized by sparse benthic vegetation.
In the north-central region of Florida Bay (Stns 1, 2, 3 & 41, the potential for light limitation was greatest in fall, winter and spring (Table 5 ). Mass mortalities of seagrasses have been recently observed in this region of the bay (Robblee et al. 1991) . The search for causes of these mortalities have focussed on salinity variations, but the question remains largely unresolved (Boesch et al. 1993) . The high frequency of sampling dates in this study when station depth exceeded D, indicate that light limitation warrants consideration in relation to these mortalities. The apparent recent proliferation of phytoplankton blooms in the north-central region of Florida Bay (Phlips & Badylak 1995) may have contributed to the reduction of light availability for benthic plant production, as indicated by the substantial contribution of phytoplankton to total light attenuation.
Most of the eastern and south-central regions of Florida Bay exhibited a low potential for light limitation, i.e. Stns 6, 7, 9 & 10. However, in some basins within this region low light availability was observed for extended periods during the study, as a result of episodic increases in phytoplankton concentrations. At Stns 8 & 14 station depths were significantly greater than D,, for 3 to 4 contiguous months of the sampling period.
DepthlD, relationships provide a useful tool in discussing the potential for light limitation of seagrass distribution in Florida Bay, and corroborate observations of recent mass mortalities of seagrasses in the bay. Even under more general guidelines for light limitation of seagrass colonization, i.e. 10 % of incident irradiance (Kenworthy & Haunert 1991, Morris & To- (Duarte 1991 1993 1993 1993 1993 1993 1994 1994 1994 1994 1994 1994 1994 1994 1994 (Table 4 ) . Light attenuation bv the water column is of course only one aspect of the issue of light limitation in seagrass communities. The degree of epiphytic colonization of seagrasses (Sand-Jensen 1977 , Bulthuis & Woelkerling 1983 , Borum 3985, Libes 1986 , Silberstein et al. 1986 , as well as the overall physiolog~cal condition of the seagrass community (e.g. nutrient availability, ionic balance and disease), are also important considerations in modeling the specific relationships between light availability at any given depth in the water column and seagrass production. Cultural eutrophication of coastal ecosystems in South Florida not only has the potential for affecting light attenuation in the water column through the stimulation of phytoplankton biomass, but can negatively impact light availability for seagrass communities by increasing the density of epiphyte populations (Tomasko & LaPointe 1991) . Similarly, the putative role of human diversion of natural freshwater inflows to Florida Bay in stimulating hypersaline conditions has a direct bearing on the structure and dynamics of both planktonic and benthic primary production. Prolonged, hypersaline condtions in Florida Bay have been implicated as a major factor in the relative success of planktonic cyanobacteria, like Synechococcus, and the demise of certain seagrass species. It is likely that the effects of light limitation operate synergistically with other environmental factors, like hypersalinity and eutrophication, in dictating the character of estuarine ecosystems such as Florida Bay. 
